We investigated the inhibitory activity of nerve growth factor (NGF) on apoptosis of rat peritoneal mast cells (PMCs) and compared it with that of recombinant stem cell factor (rSCF), which is a mast cell growth factor. When PMCs were incubated up t o 72 hours in the presence of control medium, internucleosomal fragmentation of DNA indicating apoptosis was detected by agarose gel electrophoresis and flow cytometry. The aged PMCs showed morphological changes typical for apoptosis, such as chromatin condensation and loss of microvilli of the cell membrane. Addition of NGF or rSCF prevented development of the characteristic DNA fragmentation and decreased the proportion of apoptotic cells with low DNA content values in a dose-dependent manner. Polyclonal antibody t o NGF completely abolished the inhibitory activity of NGF but not of rSCF. NGF-induced ERVE GROWTH FACTOR (NGF) is a well-characterized neurotrophic factor essential for survival, development, and maintenance of peripheral sympathetic and embryonic sensory neurons and of basal forebrain cholinergic neurons in the central nervous system.'" Biological actions of NGF are mediated via two types of specific cell surface receptors with different affinities.'.4 The low-affinity NGF receptor (LNGFR; kd = IO-' to IO-' mol/L) is a 75-kD glycoprotein (hereafter ~7 5~~" ' '~) , and it does not contain enzymatic domain; the high-affinity receptor (kd = 10-I" to 10"' mol/L) is a 140-kD molecule containing a tyrosine kinase domain that is encoded by the trk proto-oncogene isolated from human colon carcinoma (hereafter p1 40"').
PMCs were in the Go/Gl phase of the cell cycle, but rSCF transited them from the Go/Gl phase t o the S/GzM phase, suggesting that NGF, unlike rSCF, may have no proliferation activity to PMCs. By flow cytometric analysis with antibodies t o NGF receptors ~7 5~~~" and p14Or"' , we defined that PMCs expressed p140" but not ~7 5~~~~~. Addition of herbimycin A or K-252a. tyrosine kinase inhibitors, t o NGF resulted in blockage of the NGF-induced p140" phosphorylation and restriction of the inhibitory activity of NGF on apoptosis of PMCs. These results indicated that NGF suppressed apoptosis of rat PMCs through the p140" tyrosine phosphorylation and possessed no proliferative activity.
Thus. NGF may act as a key factor t o promote survival of connective tissue-type mast cells.
0 1995 by The American Society of Hematology. ber of mast cells in various tissues. Recently, we showed that NGF increased the number of human basophil/mast cell colonies." Addition of NGF to interleukin-3 (IL-3) not only promoted colony formation of murine IL-3-dependent bone marrow-derived cultured mast cells (BMCMCs), but also induced the phenotypic change from BMCMCs to connective tissue-type mast cells (CTMCS).'~ Because in vitro stimulation with NGF leads to histamine release from rat peritoneal mast cells (PMCs) in the presence of phosphatidyl~erine,l'~~' as well as human basophils," there is a possibility that NGF released from fibroblasts in local tissues may play some putative roles to CTMCs and basophils.
Various factor-dependent cell lines have been reported to die by apoptosis after withdrawal of trophic factor^.'^.'' During the process of apoptosis, cells show typical morphological changes distinct from necrosis, ie, nuclear condensation and internucleosomal cleavage of chromatin DNA by activation of endonuclease." Both IL-3 and stem cell factor (SCF) are identified as the principal growth factor for mast cells."' SCF prevents apoptosis of IL-3-dependent BMCMCs in culture without IL-3." NGF is able to suppress apoptosis of neutrophils and eosinophils,"' as well as sympathetic neurons." However, there has been no report to show novel effect of NGF on survival of CTMCs. Therefore, we investigated that inhibitory activity of NGF on apoptosis of rat PMCs and compared it with that of recombinant SCF (rSCF). In addition, the expression and type of NGF receptors on rat PMCs were analyzed by a flow cytometer using specific antibodies against individual receptors, and we examined the effect of NGF in the presence of specific tyrosine kinase inhibitors to determine the mechanism of signal transduction. We showed that freshly isolated PMCs underwent apoptosis when cells were incubated without the growth factors. NGF and rSCF definitely saved PMCs by suppressing apoptosis, and the effect of NGF was mediated through the tyrosine phosphorylation of p 1 4(Yk of PMCs.
with a Percoll gradient.23 Briefly, cells were collected from peritoneal lavage with phosphate-buffered saline (PBS) containing 0.1 % bovine serum albumin (BSA), and were washed with a-minimum essential medium (a-MEM; GIBCO Laboratories, Grand Island, NY) containing 10% fetal calf serum (FCS; Hyclone, Logan, UT). To adjust the osmolarity, 9 v01 of Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) was mixed with 1 v01 of lox-concentrated CaZ+-and Mgz'-free Hanks' balanced salt solution (HBSS) supplemented with 10 mmoVL N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid. Cell pellets were resuspended in 50 mL of a 40% Percoll solution diluted with a " E M containing 10% FCS and were centrifuged at 2508 for 5 minutes at 10°C. A total of 10 mL of cell suspension in (U-MEM containing 10% FCS was layered on 15 mL of a 75% Percoll solution and was centrifuged at 600g for 25 minutes at room temperature. Sedimented PMCs (>95% purity and >98% viability) were resuspended (5 X IO4 cells/mL) in a " E M containing 10% FCS, 50 U/ rnL penicillin, and 50 pg/mL streptomycin and were incubated in the presence or absence of NGF or rSCF at various concentrations in 25-cmz plastic culture flasks (Nunc, Roskilde, Denmark) at 37°C in a humidified atmosphere flushed with 5% COz in air.
Growth factors and antibodies. NGF isolated in the 2.5s form from murine submaxillary glands was kindly provided by Drs A.M. Stanisz and J. Bienenstock (McMaster University, Ontario, Canada). Neurotrophic biological activity of the preparations was determined as described previously.'2 Rat rSCF was a kind gift from Dr K.M. Cell line. A rat pheochromocytoma cell line (PC12) obtained from American Type Culture Collection (Rockville, MD) was maintained in RPM1 1640 supplemented with 10% heat-inactivated horse serum (Hyclone), 5% FCS, 50 U/mL penicillin, and 50 pg/mL streptomycin at 37°C in a humidified atmosphere flushed with 5% CO, in air.
Electrophoresis of DNA. DNA was extracted from lo6 PMCs after incubation for 48 hours with or without 50 ng/mL NGF or 100 ng/mL rSCF according to the method described previously.'o DNA precipitate preparations were recovered by centrifugation at 18,500g for 5 minutes at 4"C, washed with 70% ethanol, dried in the vacuum for 5 minutes, and dissolved in 20 pL of 40 mmol/L tris(hydroxymethyl)-aminomethanekIC1 buffer containing 1 mmol/L EDTA (pH 8.0). RNase A was added at a dose of 0.2 mg/mL, and incubation at 37°C was continued for 1 hour. Samples were heated to 70°C for 10 minutes, mixed with 5 pL of 0.25% bromophenol blue and 40% sucrose, and then loaded into each well of a 2% agarose gel containing 0.5 pg/mL ethidium bromide. Electrophoresis was performed in 40 m o l & Tridacetate buffer containing 1 mmol/L EDTA (pH 7.5) at 100 V, 80 mA.
Electron microscopy. After incubation for 48 hours with or without 50 ng/mL NGF, 2 X IO6 PMCs were washed in microtubes with 0.1 m o m cacodylate buffer 3 times and were fixed in 2.5% glutaraldehyde for 90 minutes at 4°C. The specimens were postlixed in 1% osmium tetroxide for 90 minutes at 4°C. processed routinely, and then embedded in epoxy resin. Thin sections were stained with uranyl acetate and lead citrate and were examined with an H-600 electron microscope (Hitachi, Tokyo, Japan).
Flow cytometric analysis of apoptotic PMCs. After incubation for 0, 48, and 72 hours, 5 X lo6 PMCs were washed with ice-cold PBS and were resuspended in hypotonic fluorochrome solution (50 ,ug/mL propidium iodide [PI; Sigma] and 0.1% Triton X-100 in 0.1% sodium citrate) for 10 minutes at 4°C. DNA contents and cell cycle were analyzed by a FACSort flow cytometer (Becton Dickinson, San Jose, CA) using the CellFTT software (Becton Dickinson); apoptotic cell fraction was detected in the sub-G, peak in the fluorescence DNA hi~togram.'~ In some experiments, PMCs were preincubated with two kinds of tyrosine kinase inhibitors, herbimycin A (500 ng/mL; Sigma) or K-252a (50 ng/mL; Calbiochem-Navabiochem, La Jolla, CA), for I hour before the addition of NGF into the culture.
[3H]5-hydroxytryptamine (['MS-HT) release assay. PMCs were suspended at a concentration of l@ cells/mL in MEM with 10% FCS and then were allowed to take up ['HIS-HT (specific activity, 26.3 Ci/mmol; New England Nuclear, Boston, MA) at a concentration of 1 pCi/mL for 1 hour at 37°C. After washing 5 times with ice-cold Ca*+-and Mg2+-free HBSS containing 0.1% BSA (Sigma), IO5 PMCs were incubated in a microtube with 50 nglmL NGF or 10 pmol calcium ionophore A23187 (Sigma) in 1 mL of HBSS containing 1.3 mmol CaCI2, 0.7 mmol MgS04, and 0.1% BSA for 60 minutes at 37°C. The tubes were centrifuged at 1308 for 5 minutes at 4°C. Aliquots (200 pL) of the supernatants were dissolved in 3 mL of a scintillator cocktail (Ready Protein; Beckman, Fullerton, CA) and counted for p emissions in a Beckman LS500 scintillation counter. l3H]5-HT percent release was calculated as follows: % release = (supernatant cpm of stimulated PMCs -supernatant cpm of unstimulated PMCs)/total cpm of PMCs X 100. Total cpm were obtained from PMC pellets lysed with I mL of ice-cold 1% Triton X-100. Percent release of background usually ranged from 0% to 5%.
Detection of NGF receptors on PMCs by JOW cytometry. To detect the specific receptors for NGF on PMCs, indirect immunofluorescence staining was provided. After washing once, IO6 PMCs were resuspended in 100 pL of ice-cold PBS containing 1% FCS and 0.1 % sodium azide with or without anti-p75LNGm MoAb (5 pg/ mL) and then were incubated for 30 minutes at 4°C. For ~1 4 0 '~ detection, on the other hand, PMCs were fixed with 2% paraformaldehyde in PBS for 15 minutes at 4°C and were washed once with 0.05% Triton X-l00 to permealize cell membranes, because the anti-pl4Wk antiserum recognizes the C-terminus of the trk protooncogene products. The cells were incubated with anti-pl4Wk antiserum (1:lOO) for 30 minutes at 4°C. After incubation with the primary antibody, each specimen was stained with the FITC-conjugated secondary antibody for 30 minutes at 4°C. washed once, and then analyzed by a FACSort flow cytometer. PC12 cells, which express both ~7 5~~' " and ~1 4 0 ' '~ on their surface, served as positive controls. Western blot analysis of tyrosine phosphorylated protein.
Freshly isolated PMCs (2 X lo6 cells/mL) or PC12 cells (4 X 10' cells/mL) were incubated with or without 50 ng/mL NGF for 5 minutes at 37°C in 60-mm plastic culture dishes (Nunc) and were washed with ice-cold PBS 3 times. Cells were lysed in lysis buffer (1% Triton X-100,0.15 mol/L NaC1, 1 mmol/L EDTA, 10 mmoVL tris(hydroxymethy1)-aminomethanekIC1 [pH 7.81, 1 mmoVL sodium orthovanadate, 10 pg/mL aprotinin, and 1 mmol/L 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride (Wako) for 20 minutes. Lysates were centrifuged at 10,000g for 20 minutes, and supernatants were immunoprecipitated with anti-p140'A antiserum and protein-A Sepharose CL-4B (Pharmacia) for 4 hours at 4°C with gentle rotation. Precipitates were washed 4 times with lysis buffer, resuspended in 40 p L of electrophoresis sample buffer [lo% glycerol, 5% 2-mercaptoethanol, 3% sodium dodecyl sulfate (SDS), 125 mmoVL tris(hydroxymethy1)-aminornethanekIC1 ( 
RESULTS
DNA fragmentation of PMCs. When rat PMCs were incubated in medium alone for 48 hours, the proportion of trypan-blue-exclusive cells was slightly decreased (78.8%). To examine whether PMCs underwent apoptosis after incubation, we performed agarose gel electrophoresis of genomic DNA extracted from PMCs aged in culture. Extensive degradation of DNA into oligonucleosomal fragments showing endogenous endonuclease activation was detected in PMCs cultured in medium alone for 48 hours (Fig l) .
Next, the possible effect of NGF on apoptosis of aged PMCs was examined. The addition of 50 ng/mL NGF to culture obviously inhibited development of DNA fragmentation showing endonuclease activation (Fig l) . rSCF ( 1 0 0 ng/ mL) also prevented the DNA fragmentation (Fig l) . 
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Electron microscopic features of PMCs. PMCs were examined by the electron microscope. Freshly isolated PMCs contained a single nucleus with peripherally dispersed heterochromatin, numerous homogenous electron-dense granules in the cytoplasm, and regularly placed narrow surface processes; however, most of PMCs cultured in medium alone for 48 hours showed extensive chromatin condensation, fragmentation of nuclei, loss of the microvilli, and cell shrinkage characteristic of apoptosis (Fig 2A) . In contrast, when 50 ng/ mL NGF were added into the culture, aged PMCs possessed electron microscopic features resembling those of freshly isolated PMCs (Fig 2B) .
Analysis of apoptotic PMCs by jow cytometry. To further evaluate the apoptotic state of PMCs and the effect of NGF and rSCF on apoptosis, flow cytometric analysis with PI staining was applied to PMCs aged in culture for up to 72 hours (Figs 3 and 4) . A hypodiploid range in DNA fluorescence histograms shows the apoptotic state of cells with fragmented n~clei.'~ In a DNA histogram of freshly isolated PMCs, more than 93% of the cells were distributed in the GJG, phase, and low percentages of proliferative and apoptotic cells were observed. In culture medium alone, the percentage of apoptotic PMCs was increased and reached a maximal level of 62% at 72 hours, whereas about 60% of cells failed to stain with trypan blue even at 72 hours ( Figs  3A and 4) . In contrast, 50 ng/mL NGF markedly decreased the proportion of apoptotic PMCs, and about 85.5% of the cells were arrested in GtJG, phase (Figs 3B and 4) . No significant changes in the proportion of S/G2M phase cells were observed in the culture with NGF (3.2%) as compared with that in the culture medium alone (1.9%). Although addition of 100 ng/mL rSCF also inhibited apoptosis of PMCs, the proportion of S/G2M phase cells was increased, ranging from 19.5% to 3 I . I % (Figs 3C and 4) . Thus, both NGF and rSCF inhibited apoptosis strongly, but NGF, unlike rSCF, had no proliferation activity on PMCs.
PMC were incubated with various concentrations of NGF (0.5, 5 , and 50 ng/mL) or rSCF ( I O and 100 ng/mL), and the proportion of apoptotic cells at 72 hours was determined by flow cytometric assay ( Table l) . NGF and rSCF induced a significant decrease of the proportion of apoptotic cells in a dose-dependent manner. termine the specificity of the suppressive effect of NGF on apoptosis of PMCs, anti-NGF antiserum was added to culture containing 50 ng/mL NGF. When PMCs were incubated for 72 hours with various conditions, the proportion of apoptotic cells was assessed by a flow cytometer (Table 2) . Rabbit antiserum to murine NGF completely abolished the apoptosis-inhibitory effect of NGF, whereas rabbit control serum did not. Neither anti-NGF antiserum nor control serum neutralized the apoptosis-suppressing effect of rSCF.
Specificity of NGF effect on apoptosis of PMCs. To de-
Effect of NGF on 5-HT release. Because NGF can lead to mediator release from rat PMCs in the presence of phophatidyl~erine,'~.'~ we examined whether [3H]5-HT was released from PMCs incubated with NGF. However, in the presence of 50 ng/mL NGF, a very low net percent release of ['HI5 HT was noted within 60 minutes, whereas 10 bmol calcium ionophore A23187 induced high net percent release (Table (Fig 5) .
-
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Role of tyrosine phosphorylation of p14Wk on effect of NGF. The high-affinity receptor, p140frk, has a tyrosine kinase domain, and binding of NGF to p140frk immediately induces its autophosphorylation to transduce NGF res p o n s e~.~~.~~ Next, we attemped to determine whether the inhibitory effect of NGF on apoptosis was influenced by blockage of tyrosine phosphorylation of ~140''~. When PMCs were pretreated with 500 ng/mL herbimycin A for I hour PMCs were incubated at a density of 5 X lo4 celldmL in a-MEM containing 10% FCS with individual factors. After incubation for 72
hours, apoptotic cells were analyzed by a flow cytometer. Each value represents the mean 2 SE of four or five separate experiments.
* P < .01, when compared with medium alone. t P < ,001. when compared with medium alone.
For PMCs were incubated at a density of 5 x lo4 cells/mL for 72 hours in a-MEM containing 10% FCS with orwithout 1:lOOO dilution of rabbit anti-NGF antiserum or control serum in the presence of NGF or rSCF. The apoptotic PMCs were assessed by a flow cytometer. Each value is expressed as the mean 2 SE of four separate experiments.
* P < .01, when compared with NGF alone.
before addition of 50 ng/mL NGF, the effect of NGF was completely inhibited (Table 4 ). K-252a is able to specifically inhibit tyrosine kinase activity of p140'rk.27~28 Pretreatment of PMCs with 50 ng/mL K-252a also abolished the inhibitory effect of NGF on apoptosis of PMCs (Table 4) . To evaluate NGF-dependent activation of ~1 4 0 "~, PMCs were treated with NGF for 5 minutes, and their lysates were subjected to immunoprecipitation with anti-p140rrk. An immunoblot analysis of the ~1 4 0 ' '~ with antiphosphotyrosine MoAb showed that NGF induced tyrosine phosphorylation of p14Orrk in rat PMCs and PC 12 cells (Fig 6) . In contrast, when PMCs were pretreated with 50 ng/mL K-252a, a tyrosine kinase inhibitor, before incubation with 50 ng/mL NGF, the autophosphorylation of ~1 4 0 ' '~ was completely blocked (Fig 6) .
DISCUSSION
Incubation of rat mast cells isolated from the peritoneal cavity with no stimuli led to nuclear morphological changes with loss of microvilli and oligonucleosomal DNA fragmentation that are comparable with the results of apoptotic cell^,'^ indicating that the aged rat PMCs underwent apoptosis. Death of factor-dependent cells after withdrawal of growth factors has been reported to be caused by apoptosis. Proliferation and differentiation of mast cells are influenced by T-cell-derived growth factors (IL-3, IL-4, IL-9, and IL-10) and fibroblast-derived growth factors (SCF and NGF).*' SCF can rescue murine IL-3-dependent BMCMCs and IL-3-dependent MCPJ cells, a line derived from BMCMCs, from apoptosis, even under the condition without IL-3." Because NGF can promote growth of murine BMCMCs and induce the phenotypic change to CTMCs in the presence of IL-3,I3 we investigated the possible ability of NGF to suppress apoptosis of rat PMCs. Under the condition tested, we showed that NGF significantly prevented apoptosis of PMCs, and its ability was comparable with that of rSCF.
Flow cytometric analysis for the cell cycle of rat PMCs freshly isolated showed very low DNA synthesis and prolif- PMCs were preincubated at a density of 5 X lo4 cells/mL in a-MEM containing 10% FCS with herbimycin A or K-252a for 1 hour before addition of NGF, and 72 hours later apoptotic cells were analyzed by a flow cytometer. Each value represents the mean t SE of four separate experiments. * P < ,001. when compared with NGF alone. erative activities (less than 5% cells in the S/G2M phase): addition of NGF resulted in little or no change in their cell cycle. In contrast, rSCF induced significant active DNA synthesis. Because both NGF and SCF are spontaneously produced by fibroblasts, there is a possibility that fibroblastderived NGF and SCF modulate the survival and the number of mast cells. Aloe'" reported that the injection of anti-NGF antibodies to adult rats led to a significant decrease in the number of PMCs and that light and electron microscopic features of PMCs isolated after the treatment with anti-NGF antibody showed severe cytological alterations. Fukuzumi et al"' continuously supplied bromodeoxyuridine to examine the turnover of murine skin mast cells, classified as CTMCs (the same as PMCs). After 60 days from the start of the experiment, the low proportion of mast cells was labeled with bromodeoxyuridine, suggesting that the turnover of skin mast cells may be low. Thus, we considered that NGF, unlike SCF, may be a potent factor to support survival of CTMCs under the physiological conditions in vivo.
We showed that only ~1 4 0 "~ was expressed on rat PMCs, and that NGF elicited rapid phosphorylation of ~140'"' on tyrosine residue. Both herbimycin A and K-252a. tyrosine kinase inhibitors,'x-'' blocked the suppressive effect of NGF on apoptosis of PMCs, and the latter was specifically able to inhibit ~1 4 0 "~ kinase activity. Therefore, ~140'"' tyrosine phosphorylation may be essential for initial event in the NGF-induced suppression of apoptosis of rat PMCs. Moreover, a dose-dependent effect of NGF on survival was noted for PMCs. and the minimum effective dose ranged from 0.5 to S ng/mL (approximately 2 X IO-'" to IO-" moIL), suggesting that functional receptors for NGF expressed on rat PMCs may be ~1 4 0 "~ with a high affinity. Jippo et al'2 reported that the expression of both p75'-"GFR and ~1 4 0 "~ of messenger RNA in murine BMCMCs was detected by Northern blot analysis, but only low-affinity binding of '"I-NGF was detected. NGF alone could not support the survival of BMCMCs in the absence of IL-3 (data not shown) but acted synergistically with IL-3 to stimulate proliferation and differentiation of BMCMCs." On the other hand, NGF alone supported the viability of rat PMCs under the condition without IL-3. Such divergent biological activities of NGF to mast cells may be based on the differential expression of cell surface NGF receptors dependent on their phenotypes. Thus, the nuclear and cell surface expressions of NGF receptors are considered to be useful to define distinct differentiation stages of mast cells.
